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ABSTRACT
Kourloufas, Christopher J. MSAA, Purdue University, December 2014. Mode I Fa-
tigue Delamination Onset of Carbon Fibre Reinforced Polymer with Novel Post-Cure
Through-Thickness Reinforcement. Major Professor: R. Byron Pipes.
A novel trough thickness reinforcement (TTR) technique, proposed by Kravchenko
et al., has been tested under mode I fatigue loading conditions in order to investigate
characterisation of the onset of delamination growth in unidirectional 8552/IM7. The
experimental results, following standard test method ASTM D6115-13, indicate that
the mode I fatigue delamination onset behaviour can be altered by the inclusion of
TTR both ahead and behind the crack tip. Tests have been conducted at a wide
range of maximum displacement values, corresponding to percentages of the critical
fracture toughness value determined for the maternal, GIC . The results were found
to contain a high degree of scatter, that is thought to be a result of pin installation
quality. The results of these experiments show that the cycles to delamination onset
for a wide range of the critical value of strain energy release rate, G, can be increased
with the inclusion of this novel TTR technique. Further research is required before
the TTR technique properties are fully characterised. Research into understanding
of the pin failure mechanisms in fatigue is highly recommended.
11. Introduction
Structural design typically employs a ‘building-block’ approach when concerned with
the use of composite materials. That is, increasing the complexity of the structure
or component under testing from a specimen coupon to the full-scale structure [1].
From these tests, the structural life limit and inspection intervals are established.
Interlaminar fracture, a.k.a. ‘delamination’, is considered to have the potential for
being a life-limiting failure mode for fibre reinforced composites [1, 2]. Specifically,
delamination is a crack-like discontinuity between the lamina of a composite that may
propagate under mechanical or thermal loads. Delamination may form as a result of
interlaminar stresses, geometric or material discontinuities, matrix cracks and loading
(e.g. impact) of the structure. The understanding of delamination behaviour and the
resistance to delamination (by through-thickness reinforcement) is therefore a topic
of considerable interest to the composites community.
1.1 Motivation
This research e↵ort aims to extend work of S. Kravchenko et al. in the devel-
opment of a novel through-thickness reinforcement (TTR) method for Carbon Fibre
Reinforced Polymers (CFRP) [3]. The technique involves the drilling of circular holes
through the thickness of a cured composite material and installing carbon fibre rods
with an epoxy resin. The research conduced by these authors investigated the charac-
terisation of the mechanical properties of employing such a reinforcement technique,
and discovered that the sti↵ness, strength and crack propagation responses were sig-
nificantly improved [3]. The aim of this research e↵ort is to extend previous work
into the investigation of the characterisation of the fatigue response of the TTR pro-
posed and investigated by Kravchenko et al. The motivation for characterising this
2reinforcement technique is its application to composite structures both in production
as a proactive method of reinforcement, as well as an in-service repair technique.
1.2 Damage Tolerance Design Philosophy and Fatigue
The damage tolerance design philosophy assumes that the structure of interest
contains an initial crack of a certain size. Initial crack size is typically based on
inspection limits. The structural analysis is therefore to determine the length of time
that the structure can resist fracture. In general, there are two approaches to ensure
that a structure does not fail in service – slow crack growth and fail-safe design [4].
Slow Crack Growth This design criterion sets stress levels so that the initial crack
will not grow to failure during service. Normally, this service life is reduced by
a safety factor specified by the design requirements.
Fail-Safe Design This design criterion employs multiple load paths and/or crack
arrest design elements to prevent single component failure causing failure of the
complete structure. This requires the detection and repair of failed components
to ensure the continued safe operation of the structure.
Fatigue is a material failure mode associated with repeated loading – where the
magnitude of the applied load does not exceed the fracture load of the material. In
general, fatigue behaviour is related to amplitude and mean cyclic load values, the
loading sequence, material properties, component shape and residual stress levels [4].
Delamination grows under fatigue loads, during which fatigue loads may be redis-
tributed, causing delamination at another location or accumulation until complete
structural failure [1]. Fatigue crack growth may also be arrested by other struc-
tural components or Through-Thickness Reinforcement (TTR), leading to the delay
of complete structural failure.
Composite materials are generally designed using the slow crack growth criterion
when analysed for delamination characteristics. However, if a TTR is employed, the
3material becomes a component with redundancy. Therefore, that component may
have the fail-safe design philosophy applied to it – thereby increasing the utility and
useful life of the composite material. Methods of TTR are discussed in proceeding
sections and a novel TTR is investigated in fatigue in this research.
1.3 Fatigue Analysis Methods for Composite Materials
Fatigue concepts were originally developed for homogeneous, isotropic, metallic
materials. There is a wealth of knowledge on metallic fatigue, generated from over a
century of research. Initially, composites in fatigue loading were treated as if they were
metals. This approach is immediately made di cult by the anisotropy of composite
materials as well as the numerous simultaneous failure modes and their interactions.
Nonetheless, initial research into composite fatigue utilised the S/N approach taken
from experience in metallic fatigue.
The S/N approach characterises the nature of fatigue, however it does not give
an insight to the mechanisms of such behaviour. The curve provides the relationship
between failure stress level at a particular number of cycles. When testing unidirec-
tional CFRP in particular, early experimenters found that the material performed
extremely well under tensile fatigue loading – with failure loads in the order of mono-
tonic tensile loading. This was as a result of the high modulus fibre reinforcement,
which had low failure strain values, giving rise to the dominant failure mode being
tensile [1, 5]. When testing the material under other loading conditions, the results
were less favourable and quite unpredictable. The S/N approach therefore had major
limitations for composite materials as it did not adequately describe the dominant
failure mechanisms for composite materials. It became clear that fatigue performance
of composite materials was influenced by the presence and accumulation of damage
and out-of-plane loading [6].
The damage over the lifetime of a composite material is cumulative and non-
localised. It may accumulate as a result of residual stresses, environmental e↵ects,
4service damage and load application. It is now understood that failure of composite
materials – unlike metals, may not occur as a result of a single crack propagating to
critical length. In many cases, failure is a result of the interactions of these damage
phenomena that lead to fibre breakage, matrix cracking, debonding, transverse-ply
cracking, and delamination [1]. Thus, an improved approach was needed that took
into account these damage phenomena.
1.4 Linear Elastic Failure Mechanics
LEFM is a simple and useful method to describe the fracture of a composite mate-
rial. It is applicable to brittle failures in polymers, impact tests, fatigue, delamination
of composites and failure of adhesive joints [7]. It assumes the following:
1. the body has a pre-existing crack;
2. all energy dissipation is associated with the fracture process, and
3. the deformation that occurs is linear elastic.
Note that the deformation of the crack tip is assumed to be localised and thus, the
deformation zone must be small when compared to the in-plane dimensions of the
body, i.e. thickness. In general, the elastic potential for a cracked body, H, can be
described as:
H = W   U (1.1)
WhereW is the work supplied by the motion of the applied forces and U is the elastic
strain energy stored in the body. The term by which crack growth is characterised
is Strain Energy Release Rate, G, defined by the rate of energy release as a result of





Where dH is the loss of elastic potential energy from dA, the infinitesimal area in-
crease due to crack propagation, which is given a positive sign for crack growth. This
5energy release must overcome a critical value, known as the Critical Fracture Tough-
ness, GC , in order to drive crack growth. It is important to note the distinction
between G, a function of geometry, and GC , a material property.
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2.7 Fracture Mechanics Concepts
The influence of defects and cracks on the strength of a material or structure
is the subject of fracture mechanics. The object of fracture mechanics analysis
is the prediction of the onset of crack growth for a body containing a flaw
of a given size. To calculate the critical load for a cracked composite, it has
generally been assumed that the size of the plastic zone at the crack tip is
small compared to the crack length. Linear elastic fracture mechanics has
been found useful for certain types of cracks in composites, i.e., interlaminar
cracks [43] or matrix cracks in a unidirectional composite [37,44].
The equilibrium of an existing crack may be judged from the intensity of
elastic stress around the crack tip. Solutions of the elastic stress field in isotropic
[45] and orthotropic [46] materials show that stress singularities associated
with in-plane cracks are of the r–1/2 type, where r is the distance from the crack
tip. Stress intensity factors may be determined for crack problems where the
crack plane is in any of the planes of orthotropic material symmetry. It is
possible to partition the crack tip loading into the three basic modes of crack
surface displacement shown in Figure 2.9. Mode I refers to opening of the
crack surfaces, Mode II refers to sliding, and Mode III refers to tearing.
It has, however, become common practice to investigate interlaminar
cracks using the strain energy release rate, G. This quantity is based on
energy considerations and is mathematically well defined and measurable
in experiments. The energy approach, which stems from the original Griffith
treatment [47], is based on a thermodynamic criterion for fracture by con-
sidering the energy available for crack growth of the system on one hand,
and the surface energy required to extend an existing crack on the other
hand. An elastic potential for a cracked body may be defined as
H = W – U (2.47)
FIGURE 2.9
Modes of crack surface displacements. (a) Mode I (opening), (b) Mode II (sliding), and (c) Mode III
(tearing).
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Figure 1.1. Modes of cr k surface displacement - Mode I (a), II (b III (c) [2]
Crack propagation is defined in three modes – modes I,II and III (opening, shear
and sliding) as depicted respectively in figure 1.1 [2]. It may be a goal of researchers to
determine the value ofGC for a particular mode and material or to even to characterise
the relationship between G and a. Characterisation of the fracture toughness as a
function of crack length, a, is known as the ‘Resistance Curve’ of a material. This
curve provides the delamination behaviour of a particular material and is useful in
design. Howev r the most critical value of G is considered to be the lowest value
– corresponding to the onset of delamination. This is on the basis that once crack
growth has initiated, the compo ent has failed [7]. This definition of failure leads
to di culties in the determination of crack initiation. This is handled in the ASTM
standards relating to the determination of these material properties.
Standard experimental procedures exist to describe both the critical fracture
toughness as well as the fatigue crack growth onset by ASTM [9, 10]. Both of these
procedures have been used in this research and will be described in roceeding sec-
tions.
62. Literature Review
The scope of literature surveyed includes current TTR techniques, their current use
in the aerospace industry, the novel TTR technique presented by Kravchenko et al,
and the current state of ASTM standards on mode I testing for unidirectional CFRP.
2.1 Through-Thickness Reinforcement Summary
There are two TTR techniques commonly employed in composites today – the
use of a dry fabric preform containing TTR before resin infusion, and secondly ‘Z-
pinningTM’ of uncured pre-impregnated (‘prepreg’) [11–13]. Mouritz et al. provide
a review on the applications of 3-D fibre reinforcement techniques made by textile
processes such as weaving, braiding, stitching and knitting [12, 14]. They argue that
3-D woven or braided fabric preform have the potential for application as I-beams,
nozzles or integrally sti↵ened panels; and that stitching techniques may be employed
to join composites and to improve the damage tolerance of a structure. The authors
conclude that these techniques are not employed as widely, despite their through-
thickness property advantages, because of a combination of economic, manufacturing,
mechanical and durability issues [12].
Kamiya et al. review the manufacturing techniques in an e↵ort to highlight
the progress toward the determination of mechanical properties from fabric preform
method. They state that the forming of complex fibre architectures is limited practi-
cally by geometric constraints. These geometric constraints are functions of properties
such as yarn and bundle size, yarn orientation, fibre volume content and pitch length.
The authors highlight the limited research in the field of predicting the microstructure
of 3-D textile preforms as well as the gaps in knowledge in thermoelastic models [15].
72.1.1 Z-pinningTM
The second TTR technique currently employed is known as ‘Z-pinningTM’. This
technique involves the driving of numerous small-diameter pins through the thickness
of prepreg laminates before curing (see figure 2.1).
Figure 2.1. Z-Pin Installation Process [16]
They act to improve the through-thickness properties by a combination of friction
and adhesion between the pin and the laminate. Of note, there exists an automated
method for installation of the pins, making this technique attractive to industry [17].
Mouritz has conducted a review of Z-pinningTMresearch into manufacture, microstruc-
8ture, delamination resistance, damage tolerance, joint strength and mechanical prop-
erties. The author also compares and contrasts Z-pinningTMto dry fabric preform
methods and develops a road map for further research. He states that an advantage
of the technique is that through-thickness properties can be enhanced significantly
from only a small fibre volume fraction of pins. As Z-pins are applied to the prepreg
before cure, they cause changes to the microstructure of the composite. These include:
Fibre waviness, crimp and breakage Prepreg fibres are forced either side of the
pin, usually in an asymmetric distribution, a↵ecting the in-plane mechanical
properties.
Resin rich zones The void areas caused from the pushing aside of in-plane fibres
create resin-rich zones. These zones are dependent on z-pin diameter and spac-
ing.
Cure stress and microcracking Stress develops during the cure cycle due to the
di↵erences in thermal expansion properties of the laminate and the Z-pins.
Swelling and reduction of FVC The reinforced laminate experiences swelling that
is thought to be from the expansion to accommodate the Z-pins and the resis-
tance of the laminate to compress during curing because of the Z-pins propping
up the stack at the outer mold surfaces.
Orientation o↵set The Z-pins are rarely observed to be installed purely orthogo-
nally to the laminate plane with the typical incline angle 5-15  to the z-axis.
Most e↵ects are not unique to Z-pinningTMand all but the swelling are exhibited
by the other 3-D reinforcement techniques. An important advantage of Z-pinningTMis
the improvement of interlaminar fracture toughness, which has been studied in some
detail, and a thorough body of knowledge exists in the mode I, II and mix mode
failure conditions [18, 19]. Of particular relevance to this research is the understand-
ing that Z-pins do not resist the initiation of growth of short delamination cracks;
however they are useful in resisting the growth of such delamination. This is as a
9result of the frictional forces from the large-scale bridging caused by the pins [13].
Specifically, for pins located ahead of the crack tip, the initiation values are identical
to those of the pristine specimen. However, once the crack reaches the pin, the crack
growth behaviour changes from stable and steady to a ‘stick-slip’ nature. That is,
the crack stops shortly once beyond a row of Z-pins. The pins then act to bridge the
delamination in the wake of the crack tip. They will gradually debond and be pulled
out from the body of the specimen as the crack progresses with increasing opening
displacement [19]. Zhang et al. have applied a micromechanics approach to the ex-
perimental data and observations, in order to develop a model for the degradation of
bridging tractions in delamination for z-pinned structures in mode I opening. Figure
2.2 outlines their pullout model that consists of three stages:
1. elastic stretching of the pins;
2. debonding of the pins, and
3. pullout of the pins.
With this model and empirical constants, one is able to calculate the bridging forces
for any pin diameter and pin density for monotonic mode I loading [20].
Figure 2.2. Simplified Bridging Law [20]
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Z-pin fatigue response
In-plane fatigue performance of a laminate is reduced as a result of Z-pinningTMand
fatigue strength after cycling is found to also reduce with increasing z-pin con-
tent [13,16]. These reduced fatigue properties are thought to be as a result of damage
caused by the Z-pinningTM, including:
• out-of-plane fibre crimping;
• in-plane fibre distortion;
• dilution of the in-plane fibre volume fraction, and
• clusters of broken fibres.
Early research into the fatigue e↵ects of Z-pinningTMutilised the S-N approach to
analyse the fatigue response, and had major limitations in the determination of the
dominant failure mechanisms for composite materials, as discussed in previous sec-
tions. Therefore, conclusions on the in-plane fatigue properties remain incomplete
and required further research utilising models that are applicable to this damage,
such as LEFM.
Pegorin et al. compare the improvements to mode I and mode II delamination
fatigue resistance arising from Z-pinningTM. They are the first to show that large
improvements to the mode I fatigue strength can be gained using even a low number
of Z-pins, including the increase of Critical Fracture Toughness, GIC . Further, they
show that the onset of delamination can be delayed with increasing pin content and
that the crack growth rate can be reduced with pins. These authors also discuss the
process of failure for mode I opening – progressive failure by interfacial bonding and
pull-out under mode I cyclic loading (see figure 2.3). They also find that the fatigue
performance is a function of pin content, pin diameter and fatigue loading conditions.
There was no dependence found on the R ratio [21].
Zhang et al. compared the pull-out failure mode of Z-pins under monotonic and
fatigue loads (figure 2.4). They found that when under monotonic loading, the pin
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Within the bounds of experimental scatter, which is high for mode
II, Fig. 9 shows there is no significant difference in the mode I and
mode II Paris curves for the unpinned composite at the R ratio val-
ues of 0.1, 0.25 and 0.5. Similarly, the R ratio has no significant
influence on the Paris curve for the z-pinned material. This sug-
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Fig. 10. Comparison of the delamination fatigue cracks in z-pinned composites under (a) mode I and (b) mode II cyclic loading. Direction of crack growth is left to right.
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Figure 2.3. Fatigue Crack Failure of Z-pinned Composites in Mode I Loading [21]
surface is smooth and the fibres remain coated with resin. When under fatigue load-
ing, the pin is much more rough from the resin being worn o↵ the pin and containing
fine-scale hairs that indicate shear cracking. The authors suggest that this di↵erence
is because of fatigue shear stresses wearing out the pin bond by microcracking of the
resin. Zhang et al. tested the Z-pins in fatigue and discovered:
• the maximum pin debonding force decreased with increased cycles;
• the initial behaviour of the pins was linear-elastic stretching of the pin;
• fatigue cycling below the elastic limit of the pin does not e↵ect the elastic
modulus of the pin;
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• degradation of the bond increases with test displacement ratio – due to the
faster rate of damage accumulation, and
• larger diameter pins cause faster fatigue failure – thought to be caused by the
higher probability of flaws [20].
Figure 2.4. Comparison of Z-pin Failure in Monotonic (a) and Fatigue (b) Loading
Other research by Ko et al. has extended the understanding of pin behaviour by
investigating the e↵ect of surface treatment of the pin – that is, making the pin
surface area less smooth to promote adhesion. These researchers observed the e↵ect
of surface-treating pins for an adhesive lap joint cycled under in-plane tensile fatigue
to find:
• Z-pins improved the lap joint fatigue performance, and
• surface treated pins showed improved fatigue results relative to the untreated
pins [22].
2.2 Kravchenko, et al. – ‘Composite Toughness Enhancement with In-
terlaminar Reinforcement’
This is the foundation of the body of research presented in this thesis. These
authors present a novel TTR technique that involves drilling circular holes through
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Figure 2.5. Installation Steps in the Novel TTR Technique [3]
the thickness of a cured composite material and installing carbon fibre rods with an
epoxy resin (see figure 2.5).
One row of six carbon pultruded post-cure carbon fibre rods were bonded by
infusion into the laminate with a toughened, low viscosity epoxy resin system, CPD
4505A Resin/CPD 4507B Hardener. The authors selected two pin configurations in
their experiments, which are shown in figure 2.6. They reference Gri th fracture
energy theory, where, for an elastic body the energy balance equation is:
dW = dUE + dUK + dUIR + d  (2.1)
WhereW is the external work, UE is stored elastic energy, UK is kinetic energy, UIR is
the energy dissipated through irreversible means and   is energy dissipated through









) = GIC +GP (2.2)
Where b is the width of the crack, a is the crack length, GIC is the fracture toughness
of the unreinforced laminate and GP is the energy dissipation rate of the irreversible















Figure 2.6. Specimen Pin Configuration [3]
The research conduced by these authors investigated the characterisation of the
mechanical properties of employing such a reinforcement technique in the prepreg,
NCT321 34-700 G150, and discovered that the sti↵ness, strength and crack propa-
gation responses were significantly improved. This technique is based on the under-
standing that the tensile and compressive strength of a laminate containing a notch
depends on the notch size and spacing. If the notch is small and the centre-to-centre
spacing of the notches (or holes) is relatively large, the strength of the laminate is not
severely degraded [2]. By installing rods into a cured laminate, there are a number
of advantages when compared to Z-pinningTM:
• minimal surface changes to the host laminate;
• consolidation of the laminate is not a↵ected by the inclusion of the TTR, and
• control of the size and shape of resin rich zones around the pin [3].
These advantages are highlighted in figure 2.7.
The experimental results for the TTR-I specimens showed similar monotonic re-
sponses as the z-pinned research surveyed – steady state crack growth until crack
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(a) Z-pin Structure (b) Novel TTR Pinning Structure
Figure 2.7. Comparison of Z-pinningTMand the Kravchenko et al Technique [3]
reaches the pins, then large-scale bridging e↵ects take over until pullout of the pins.
One major di↵erence between the z-pin literature surveyed and their research is the
number of rows of TTR employed.
Kravchenko et al. observed an increased ultimate fracture load for both the TTR-I
and TTR-II reinforced samples. There was however a di↵erence in the bridging be-
haviour of the two specimen types. That is, TTR-I specimens exhibited crack growth
until reaching the pins, increasing load and then delamination growth at the ultimate
fracture load. The TTR-II specimens exhibited a gradual increase in load with no de-
lamination growth, then a sudden delamination growth at the ultimate fracture load.
These results imply that it is possible to temporarily arrest delamination propagation
by manipulating the location of the TTR elements.
In summary, there is a small body of knowledge regarding TTR techniques, the
modes of failure of composites with TTR and in particular, the fatigue response of
16
TTR composites. Most of the literature surveyed has utilised the S-N approach to
characterise the fatigue response of the material. Very little research has utilised
LEFM as the analysis method, limiting the understanding of the failure mechanisms
of the material. ASTM have developed two standards that are based on LEFM and
simple beam theory to analyse the mode I characteristics of a unidirectional CFRP
under static and fatigue loading.
2.3 ASTM D5528 – Mode I Interlaminar Fracture Toughness of Unidi-
rectional Fibre-Reinforced Polymer Matrix Composites
This standard utilises the Double Cantilever Beam (DCB) specimen type to deter-
mine the resistance curve and Critical Fracture Toughness of unidirectional CFRPs
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resistance of such composites tends to be associated with fewer complications.
Consequently, we will here limit attention to unidirectional composites.
Fracture mechanics analysis, preparation of test specimens, testing, and
data reduction will be described for some contemporary interlaminar frac-
ture test specimens, namely, the double-cantilever beam (DCB) specimen
(Mode I), end-notched flexure (ENF) specimen (Mode II), four-point bend
end-notched flexure (4ENF) specimen (Mode II), the mixed-mode bending
(MMB) specime , and the edge crack torsion (ECT) specimen (Mode III).
The various fracture modes are defined in Figure 2.9.
 
14.1 Double-Cantilever Beam (DCB) Test
 
The DCB specimen for Mode I fracture testing and the test principle is shown
in Figure 14.1. This specimen is a standard test method, ASTM D 5528 [8].





, of continuous fiber composite materials with a poly-
mer matrix. First developed in a tapered form by Bascom, et al. [9], the
straight-sided geometry proposed by Wilkins et al. [10], shown in
Figure 14.1, has become standard. Although data reduction does not rely on
the classical beam theory approach used by Wilkins, et al. [10], the simplicity
of this theory makes it easy to examine some features of the DCB specimen.





/P, of the DCB specimen becomes
(14.1)
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Figure 2.8. DCB Specimen Geometry [2]
Where:
P = load,
  = load point displacement
b = specimen width, and
a = delamination length.
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The DCB specimen is manufactured with a non-adhesive insert at the midplane
that acts as a crack initiator. Opening forces are applied to the specimen by displacing
the delaminated end at a controlled rate. Load, P , opening displacement,  , and
delamination length, a, are continuously recorded and used to generate the resistance
curve (G-a) for the material in the following way.
2.3.1 Mode I Strain Energy Release Rate for a DCB Specimen
ASTM specify three data reduction methods for the calculation of Interlaminar
Fracture Toughness, GIC as neither one stood out as more superior than the other.
Modified Beam Theory (MBT)
This is the recommended method by ASTM as it yielded the most conservative
results for 80% of the specimens in round robin testing. This method is based o↵ the



















This expression relies on zero slope and deflection at the cantilever root. However,
this is not typically observed during experimentation. Such an artefact results in an
error of the crack length, that must be corrected by an ‘end-correction factor’,  .
Where,
a(true) = a+  (2.7)
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The end correction factor is determined from the best least-squares fit of the plot of
cubed root of compliance versus crack length. The x intercept of this plot is the value
of the end correction factor [23].
Compliance Calibration (CC) Method
This method was derived by Berry from simple beam theory and relies on the
assumption that P  /b / a [24]. The method involves the generation of an empirical
constant, n from the plot of log(C) versus log(a), which is used in the following





As a result, this method is invariant to specimen geometric flaws such as non-planarity
of the crack or dissymmetry of the sample.
Modified Compliance Calibration Method (MCC)
The authors of this method set out to produce a more accurate solution for the
relationship between compliance and crack length for the DCB specimen [25]. The
method has been derived from the exact solution for the Timoshenko beam where
the crack length has been corrected for bending deformation. The correction factor
was determined by Finite Element Method by the authors for a unidirectional car-
bon/epoxy laminate to be approximately the value of the thickness, h. The expression













Where A1 is the slope of the least squares regression plot of a/h versus C1/3. The
significance of this result is that GI may be estimated, for other identical specimens,
from the compliance data – i.e. without requiring crack length data for each test [25].
Definition of GIC Initiation Value
An artefact of this type of testing is fibre bridging, seen in figure 2.9. This phe-
nomenon is responsible for the increase in G as the crack propagates. Therefore,
propagation values of G are of questionable importance, and an initial value of G
measured from the implanted insert is preferred. ASTM give three definitions of lam-
inate failure in Mode I displacement – the visual onset of crack propagation, VIS,
the departure point from linearity on the load-displacement plot, NL, and the point
where compliance has increased by 5%. It is recommended that the NL point is used
in damage tolerance analyses.
Figure 2.9. Fibre Bridging in a Pristine Specimen
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2.4 ASTM D6115 – Mode I Fatigue Delamination Growth Onset of Uni-
directional Fibre-Reinforced Polymer Matrix Composites
This standard is the main reference for the experimental procedure for this re-
search. It utilises the DCB specimen type to determine the number of cycles until
the onset of delamination growth of unidirectional CFRPs. The geometry of this type
of specimen is depicted in figure 2.8. The onset of delamination growth is based on
the Mode I cyclic strain energy release rate, G. The experiment is then repeated at
various levels of G to generate a G-N curve.
The test is a constant amplitude, tension-tension fatigue test, applicable to uni-
directional fibre reinforced polymer matrix composites. The specimen is cycled be-
tween a minimum,  min, and maximum displacement,  max, at a specified frequency
(between 1-10Hz to avoid heating e↵ects). For linear elasticity and small deflections
( /a < 0.4), the displacement ratio equals the stress ratio, R. That is,  min/ max = R.
The number of cycles until the onset of delamination, Na is recorded for the maximum
strain energy release rate, GImax, of the test. GImax is calculated using one of the
methods presented in previous sections (e.g. MBT, CC, MCC methods).
This test method is also susceptible to fibre bridging as seen in the quasi-static
testing, which produces artificially-high threshold values that inhibit or slow crack
growth. This also causes high rates of change of the delamination growth rate versus
peak cyclic G. Thus small changes in the peak G results in large changes in the
delamination crack growth rate. Therefore, this test method does not monitor crack
propagation; instead monitoring the onset of crack growth from the end of a thin
insert. This way, the level of G can be determined at which delamination will not
occur until Na cycles have occurred.
Similar to the quasi-static test method, three definitions of failure are provided
by ASTM. The first being the number of cycles at which the delamination is visually
observed to grow, NV iSa . The second is the number of cycles until the compliance
increases by 1%, N1%a . The third is the number of cycles until the compliance in-
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creases by 5%, N5%a . Typically, N
1%
a generates the lowest values, and is therefore
recommended by ASTM for the generation of the most conservative criterion.
There is currently no ASTM standard that addresses characterisation of delami-
nation growth, and work is being conducted to standardise the testing procedure [27].
Therefore, this research will be concerned with the characterisation of the onset of
delamination as this is best defined and understood.
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3. Specimen Manufacture
DCB specimens used in this research were manufactured by the author from Hexcel
8552/IM7 HexPly Prepreg. Material properties are summarised in table 3.1 below.
The roll of prepreg material was donated to Purdue University. Twenty DCB spec-
imens were cut from two plates of 32 ply unidirectional prepreg manufactured as
described in the preceding section.
Table 3.1. Summary of Material Properties
Dimension Specified Value [28]
Fibre Diameter 5.2µm
Fibre Volume Fraction 57.7%
Ply Thickness 131µm
3.1 Lay-up and Vacuum Bagging
Defrosting The prepreg roll was taken out of the freezer and brought to room tem-
perature. This allows two things to occur: for the prepreg to reach the desired
level of tackiness for layup, and prevents condensation that may form on the
prepreg as it warmed from freezer to room temperature.
Hand Cutting A square ruler and sharp box cutter knife was used to cut 64 10x10”
plies from the prepreg roll.
Lay Up The individual plies were then laid up with the fibres in the 0  direction.
Care was taken to align the corners/edges of the plies and to ensure all wax
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paper backing and peel ply sheets were removed. After each ply was laid down,
it was debulked using a roller. The plies were also debulked using a vacuum
after 8 plies were laid up. Four 16ply plates were assembled.
Insertion of Nylon Release Ply A Nylon release ply was laid 3” from the edge
before the two 16 ply halves were joined. This simulates a disbond in the
midplane perpendicular to the fibre direction.
Vacuum Bag Assembly A vacuum bag was then prepared on a caul plate that had
been previously sanded and cleaned to remove scratches, dents and impurities.
Bagging tape was applied directly to the caul plate; a layer of Nylon release
ply formed the first layer of bagging materials to allow for easy release and
favourable surface finish. The prepreg assemblies were placed on top of the
Nylon and a layer of Teflon weave on top of them. This allowed the air to
flow and create an even vacuum around the panels as well as a clean and easy
debagging step. The last two layers applied were the bleeder cloth and the
vacuum bagging material. A vacuum port seal was placed between the bleeder
cloth and the vacuum bagging material.
Vacuum Check The vacuum bagging material was sealed by the other side of the
tape already placed on the caul plate. A vacuum was applied and the bag was
checked for leaks. Once it was determined that a good vacuum was achieved, it
was transferred to the autoclave.
3.1.1 Possible Sources of Contamination
Care was taken to reduce contamination of the prepreg materials during lay up,
however, contamination did occur to some plies. This was as a result of placing the
roll of prepreg on a wooden surface that allowed transfer of some wood fibres to the
prepreg. These areas were avoided when cutting plies for the two plates, however,
some wood material was present and it was ensured that these contaminated areas
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were on the outside plies and edges of the plates so that they would be trimmed o↵
during cutting.
3.2 Autoclave Cure Process
The specimen/caul plate assembly was transferred to the autoclave and connected
to an internal vacuum line. The door was sealed and the autoclave was run with a
max 356 F cycle preprogrammed. The product cure cycle is given in the graph below
(figure 3.1). The product manufacturer outlines the following autoclave process in
the technical data sheet. [28]
3.2.1 Recommended Cure Cycle for Monolithic Components
Curing Conditions
Cure cycle for monolithic components
1. Apply full vacuum (1 bar).
2. Apply 7 bar gauge autoclave pressure.
3. Reduce the vacuum to a safety value of 0.2 bar when the autoclave pressure reaches 
approximately 1 bar gauge.
4. Heat at 1- 3°C/min (2-8°F/min) to 110°C ± 5°C (230°F  ± 9°F) 
5. Hold at 110°C ± 5°C (230°F  ± 9°F) for 60 minutes ± 5 minutes.
6. Heat at 1-3°C/min (2-8°F/min) to 180°C ± 5°C (356°F  ± 9°F)
7. Hold at 180°C ± 5°C (356°F  ± 9°F) for 120 minutes ± 5 minutes.
8. Cool at 2 - 5°C (4-9°F) per minute 
9. Vent autoclave pressure when the component reaches 60°C (140°F) or below. 
Cure cycle for honeycomb sandwich components
1. Apply full vacuum (1 bar).
2. Apply 3.2 bar gauge autoclave pressure.
3. Reduce the vacuum to a safety value of 0.2 bar when the autoclave pressure reaches 
approximately 1 bar gauge.
4. Heat at 1- 3°C/min (2-8°F/min) to 110°C ± 5°C (230°F  ± 9°F)
5. Hold at 110°C ± 5°C (230°F  ± 9°F) for 60 minutes ± 5 minutes.
6. Heat at 1-3°C/min (2-8°F/min) to 180°C ± 5°C (356°F  ± 9°F)
7. Hold at 180°C ± 5°C (356°F  ± 9°F) for 120 minutes ± 5 minutes.
8. Cool at 2 - 5°C (4-9°F) per minute
9. Vent autoclave pressure when the component reaches 60°C (140°F) or below.
Note: For both cure cycles – at each stage, use the temperature shown by the leading thermocouple.
                     
Heat-up rates are dependent on component thickness, eg, slow heat-up rates should be used for thicker 
components and large tools.  Accurate temperature measurements of the component should be made during 
the cure cycles by using thermocouples.
Performance testing should accompany alternative cure cycles to ensure suitability for the particular 
application.
Curing Cycle for Honeycomb and Monolithic Components


















Figure 3.1. Cure Cycle for 8552/IM7 HexPly [28]
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The following instructions are recommended by Hexcel on their data sheet for this
prepreg product [28].
1. “Apply full vacuum (1 bar).
2. Apply 7 bar gauge autoclave pressure.
3. Reduce the vacuum to a safety value of 0.2 bar when the autoclave pressure
reaches approximately 1 bar gauge.
4. Heat at 1- 3 C/min (2-8 F/min) to 110 C ±5 C (230 F ± 9 F).
5. Hold at 110 C ± 5 C (230 F ± 9 F) for 60 minutes ± 5 minutes.
6. Heat at 1-3 C/min (2-8 F/min) to 180 C ± 5 C (356 F ± 9 F).
7. Hold at 180 C ± 5 C (356 F ± 9 F) for 120 minutes ± 5 minutes.
8. Cool at 2 - 5 C (4-9 F) per minute.
9. Vent autoclave pressure when the component reaches 60 C (140 F) or below.”
3.2.2 Departure from Recommended Cycle
During cure, the autoclave was losing vacuum to the bag. The control system was
continually switching the vacuum pump on and o↵ to maintain vacuum pressure. As
a result, it was not possible to control the vacuum pressure finely; and it was decided
by the operators to turn the vacuum pump on continually to maintain -1bar pressure.
This is thought to be caused by out-of-life vacuum tape – determined at a later date
after other researchers had similar problems with the tape.
3.3 Cutting
The DCB specimens were cut from the two plates using a water jet cutter. Ten
20mm-wide specimens were cut from each plate allowing for 2.5” of nylon in the
midplane of the DCB specimen.
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3.4 Installation of Rods
Carbon fibre rods 0.5 mm in diameter were installed either 5 mm before or 5 mm
after the delamination tip following the procedure outlined below.
Alignment The DCB specimen was secured to a translating drilling table that could
be controlled in two axes and had a digital displacement display.
Drilling Holes were drilled using a 0.75 mm outer-diameter electroplated drill bit
and a ‘Dremel 200’ tool on high speed. The holes were spaced at 2.86 mm across
the width of the specimen. Dust was removed using a shop vacuum.
Cleaning The hole was flushed out with acetone and compressed air to remove any
contaminants from the drilling process. Note that this step was missed for
specimens 9-13.
Bonding Carbon fibre rods were bonded into the holes using a CPD 4505A Tough-
ened Epoxy Resin/4507B Hardener system mixed at a 100:28 ratio. One side of
the DCB specimen was taped using Mylar tape to avoid resin flowing completely
through the hole.
Curing The resin was cured as per manufacturer instructions for 2 hours at 82 C
and 4 hours at 110 C.
Trimming The excess rod and resin was sanded down using 300-600 grit sandpaper
on a polishing wheel so that there was insignificant thickness change over the
length of the DCB specimen.
3.5 Installation of Hinges
Cutting One inch wide steel hinges were cut from a length of stock material with
the use of a water jet cutter.
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Surface Preparation The hinges and the specimen bonding surfaces were rough-
ened with sandpaper and a wire brush then cleaned using acetone in order to
promote adhesion.
Bonding The steel hinges were bonded to the upper and lower faces of the DCB
specimen using the LORD 310A/B Epoxy Adhesive system. The LORD adhe-
sive system was applied using the product gun/mixing nozzle.
Curing The hinges were clamped to the specimens and transferred to the oven set
at 90 C for curing overnight.
3.6 Oven Drying and Storage
The specimens were dried in the oven at 90 C for 2 days and then transferred into
a ziplock bag containing a desiccant for storage before testing.
3.7 TTR Configuration
Two TTR configurations were employed – ‘pinned in body’ and ‘pinned in crack’.
This naming convention is analogous to Kravchenko et al. TTR-I and TTR-II
whereby, ‘pinned in body’ represents carbon fibre rods installed 5 mm ahead of the
crack tip in the body of the specimen (TTR-I); and ‘pinned in crack’ represents rods
installed 5 mm behind the crack tip (TTR-II), thus clamping the crack. The config-
urations employed for each specimen is summarised in table 3.2. During installation
of the rods, a drill bit was broken into the specimen on two separate occasions (speci-
mens 9 and 15). This was due to excessive downwards force and too-low drilling speed
respectively. E↵orts were made to remove the bit from the specimen to no success.
These specimens were tested with the drill bit bonded in place with resin.
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Table 3.2. Specimen Configurations
Specimen # Configuration Type of Test
1 Pinned in crack Static
2 Pinned in crack Fatigue
3 Pinned in crack Fatigue





9 Pinned in body Fatigue
10 Pinned in body Fatigue
11 Pinned in body Fatigue
12 Pinned in body Fatigue
13 Pinned in body Fatigue
14 Pinned in crack Fatigue
15 Pinned in crack Fatigue
16 Pinned in crack Fatigue
17 Pinned in crack Fatigue
18 Pinned in crack Fatigue
19 Pinned in crack Fatigue




The equipment used for this thesis was found in the Composite Materials Labo-
ratory (CML) and is listed below and pictured in figure 4.1.
Test Frame MTS 810 5kip model number 318.10, calibrated 16 Sep 14.
Controller MTS 458.20 Microconsole, AC Controller 458.13, DC Controller 458.11,
Microprofiler 458.91 & 90, calibrated 16 Sep 14.
Load Cell Lebow Products 50lb load cell model number 3397-50, last calibrated 16
Sep 14.
Grips Friction grips, manufactured in-house, rated to 200lbs.
Software Labview V6.1, data acquisition program designed by Rajesh Vaidy and
John Keune.
Optics Leica travelling stereoscope, Pixelink PL-B776U microscope camera, halogen
light source.
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(a) MTS Microconsole (b) Load Cell, Grips, Microscope and Lamp
Figure 4.1. Equipment
4.1.1 Equipment Setup
For ease of reference, the collection of fatigue testing equipment will be referred
to as the ‘MTS’. The MTS was not in a useable state at the start of this course
of research. Problems included electrical power source failure, Microconsole analog-
to-digital converter failure, missing Microconsole range cartridges, an unserviceable
200lb load cell, broken grips, missing mechanical hardware, skipped annual calibra-
tions, excessive mechanical vibration, worn out cables and a disconnected emergency
stop switch. Rectifying these issues and arranging licensed servicing and calibration
took two months of work, alongside learning how to operate the MTS through the
user manual and component product manuals.
The professional servicing by the licensed MTS technician took four days total
(see figure 4.2). The scope of work undertaken by the technician was replacement of
the Microconsole and the calibration of the LVDT, two Load Transducers and one
extensometer. The calibration reports are found in appendix A and show that the
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calibration was conduced in accordance with ASTM E4-13 and E2309 and the final
condition for all the MTS equipment was ‘In Tolerance’. The technician set up the
MTS with various range cartridges:
LVDT ±0.5in, ±2.5in and ±5in.
50lb Transducer ±10lb and ±50lb.
10kip Transducer ±1kip, ±2kip and ±5kip.
Extensometer ±0.015in, ±0.3in and ±0.075in.
Figure 4.2. MTS During Calibration
There was a 200lb transducer in the lab, but it was found in an unserviceable
state. This is unfortunate as this creates a gap in the range of use of this MTS. That
is, for the ±50lb cartridge, the 10 volt full scale is distributed over the ±50lb range,
giving a high-fidelity low-force test (such as the DCB test used in this thesis). That
is 1V=10lb for the 50lb cartridge. The ±1kip cartridge spreads the 10V volt full scale
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over the ±1kip range, that is 1V=200lb. This is useful for experiments with loads
in the order of hundreds of pounds. However, there is a gap in the useful range of
this machine between 50lb and 200lb where there is poor fidelity. This is where a
200lb load transducer would be used. Unfortunately, the gap was a hinderance to this
research when a quasi-static test for a pinned specimen was being conducted. The
loads of the test were approaching the 50lb load transducer limit, and the test was
aborted before overloading the transducer.
4.1.2 Microprofilers
There are two Microprofilers available for use on the Microconsole - the 458.91
and 458.90. The ‘91 was used for the quasistatic tests as it can be programmed to
ramp at a desired rate. The ‘91 may also be used for fatigue by programming the
shape and characteristics of the cycle waveform. The ‘90 was used for these fatigue
experiments as it was much more simple to generate the desired fatigue cycle. These
Microprofilers are easily interchanged by sliding them out of the Microconsole.
4.1.3 MTS Drift
The MTS was checked for drift for the anticipated cycle life of the test - 100,000
cycles. It was found that the machine maintained the required crosshead displacement




The data acquisition system was checked for the severity of signal noise. This was
achieved by setting the MTS at a displacement level indicating zero and sampling the
signal. It was found that the sampled signal was 4.3959x10 6±2.1422x10 6m. For
the max MTS readout of 12.700x10 3m, this translates to less than 0.002% noise in
the signal. Therefore, the noise is considered negligible.
4.1.5 Displacement Validation
Even though the MTS was calibrated and is know to be in tolerance, it was
important to verify the displacement of the machine with grips and to determine
the ‘deflection’ in accordance with ASTM D6115 [9]. ASTM D6115 specifies that
if the deflection of the system is greater than 2% of the maximum displacement,
a crack opening measurement device must be used; otherwise, deflection may be
approximated by crosshead displacement. To ensure deflection was minimised, all
fixtures were tightened and unwanted motion of the grips was dampened with the
use of rubber dampeners. Once all unwanted deflections were minimised, a laser
extensometer was employed to measure the deflection of the specimen at the hinge
points. It was determined, with specimen 12 in the grips, that the deflection of
the MTS, grips and specimen was less than 1% of the total experiment deflection.
Therefore, verifying that the crosshead displacement is an appropriate estimation of
the specimen opening displacement. This is summarised in table 4.1.
34
Table 4.1. Specimen 12 Deflection Validation









Std Dev [mm] 05.26E-03




Two procedures are outlined in the proceeding subsections. Note that they are not
intended as comprehensive guides on operation of the MTS; however, they are the
steps used in order by the researcher to produce these results. For a comprehensive
user guide on MTS operation, the reader is referred to the user guides housed in the
CML. These user guides outline the steps to set up and operate a low cycle fatigue
test and contain important notes and warnings on the safe operation of the MTS.
5.1 Mode I Interlaminar Fracture Toughness
ASTMD5528-13, Mode I Interlaminar Fracture Toughness of Unidirectional Fibre-
Reinforced Polymer Matrix Composites, was referenced in order to determine, for
DCB specimens, the following properties:
1. Mode I Fracture Toughness, GIC ;
2. | |av, and
3. | cr|av [10].
The procedure used in these experiments is as follows:
1. The MTS electronics and hydraulics were warmed up for more than 20 minutes
before testing.
2. The specimen thickness and width was measured in three locations to the near-
est 0.05 mm.
3. Both long edges of the specimen were coated with correction fluid.
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4. The edges were then marked with 1 mm increments for 5 mm beyond a0, 5 mm
increments for the preceding 40 mm and finally 1 mm increments for the last 5
mm to a total length of 50 mm marked.
5. The specimen was mounted to the top grip, aligned, centred and supported at
the free end.
6. The bottom grip was raised to the level of the specimen by adjusting the dis-
placement zero control. Displacement set point was set to 5.0 (equating to 0 V)
and the span was set to 10 (equating to 100%).
7. The bottom grip was secured and specimen alignment was checked
8. The load transducer was zeroed.
9. A white photograph background was set up behind the test specimen.
10. A load was applied at a constant crosshead rate of 2mm/min.
11. Displacement and load values were continuously recorded.
12. The initial delamination length, a0 was recorded.
13. The displacement at the point of visual onset of delamination, VIS, was noted.
14. Loading was continued until 3-5mm of crack growth was achieved, at which
time the test was paused and a photograph was taken.
15. The specimen was unloaded at a rate of 10 mm/min to zero.
16. The position of precracking was marked on both edges of the specimen and it
was noted if the positions were greater than 2 mm out-of-line.
17. The specimen was reloaded at the same rate as the initial loading.
18. Once beyond the initial delamination onset, a best e↵ort was made to measure
the load and displacement values for every 1 mm of crack propagation for the
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first 5 mm. Following that, load and displacement values for every 5 mm of
crack propagation were recorded for 40 mm beyond the precrack. Finally, a
best e↵ort was made to measure the load and displacement values for every 1
mm of crack propagation for the final 5 mm.
19. The specimen was unloaded at a rate of 10 mm/min.
20. The position of final delamination was marked on both edges of the specimen
and it was noted if the positions were greater than 2mm out-of-line.
21. Any permanent deformation of the specimen was noted.
22. The test was repeated for other specimens as required.
5.2 Mode I Fatigue Delamination Growth Onset
ASTM D6115-97 (2011), Standard Test Method for Mode I Fatigue Delamination
Growth Onset of Unidirectional Fibre-Reinforced Polymer Matrix Composites, was
referenced in order to generate a G-N curve for the pristine and pinned 8552/IM7
pristine and pinned specimens [9]. The procedure used in these experiments is as
follows:
1. The MTS electronics and hydraulics were warmed up for more than 20 minutes
before testing.
2. The specimen thickness and width was measured in three locations to the near-
est 0.05 mm as specified by ASTM.
3. The a0 value was measured from each hinge centre to the nylon insert end on
both sides. The value was averaged and recorded to be compared with the a0
value when mean displacement is applied.
4. One long edge of the specimen was coated with ‘Krylon Fusion’ white paint.
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5. The edge was then marked with 1 mm increments for 5 mm before and after
the estimated crack tip and 5 mm increments for the preceding 45 mm.
6. The specimen was held by the top grip and supported at the free end while
it was aligned and centred. Once in position, the top grip was tightened from
both sides to maintain centring.
7. The bottom grip was raised to the level of the specimen by adjusting the dis-
placement zero control.
8. Transducer output for the displacement channel was zeroed (approx. set point
equal to 5.0 (equating to 0 V)) and the span was set to 0 (equating to 0%).
9. The load transducer was zeroed with the zero dial.
10. The bottom grip was secured to the hinge while watching the load transducer
output value; to ensure the gripping force was not inducing additional longitu-
dinal loads through transverse or torsional mis-alignment.
11. The load transducer was zeroed with the zero dial.
12. The set point was increased from zero to a level no greater than the mean dis-
placement in order to identify the a0 value. This value was recorded if possible;
otherwise, a0 was determined post-test.
13. The signal shape was set to triangle wave.
14. The frequency, displacement limits and load limits were set to the desired levels
for the test.
15. A white photograph background was set up behind the test specimen.
16. The travelling stereoscope was positioned to capture the initial crack length and
initial crack growth. The capture program parameters were set to photograph
at pre-determined intervals.
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17. The data acquisition software was set up and a new file loaded.
18. The cycle count was reset on the MicroConsole.
19. The MTS machine, data acquisition and camera software were simultaneously
started.
20. Load, crosshead displacement and crack length were continually monitored.
21. The span was increased from zero to the desired test level.
22. The peak and valley values of displacement was monitored. Adjustments to
the span and set point were made until the desired min and max displacement
values were reached. The frequency may also be adjusted at as a last resort in
order to achieve the peak and valley displacement values. The frequency value
was recorded.
23. At regular intervals the peak and valley loads for displacement were checked for
controller ‘drift’ and adjusted accordingly.
24. At regular intervals, the load and displacement data was analysed in order to
determine the compliance value. Compliance was plotted against cycles.
25. At regular intervals, the data acquisition software was stopped and a new file
was created so that the system would not run out of bu↵er size.
26. The test was run until the desired number of cycles or change in compliance
was reached.
27. The test was repeated for all GImax values.
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6. Results
6.1 ASTM D5528-13 Mode I Interlaminar Fracture Toughness
Specimens 5 and 6, from the batch manufactured for this thesis, were tested
to determine Interlaminar Fracture Toughness, GIC . Figure 6.1 gives the load-
displacement data for the tests and the complete data is found in appendix B.
























































Figure 6.1. Quasi-static Test Results
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Figure 6.2 shows a specimen at maximum deflection during quasi-static testing
and the phenomenon of fibre bridging.
(a) Quasi-static Test Specimen at Maxi-
mum Deflection
(b) Quasi-static Fibre Bridging
Figure 6.2. Quasi-static Test
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6.2 Mode I Fatigue Delamination Growth Onset
Specimens 2-4 and 7-20, from the batch manufactured for this thesis, were used for
fatigue testing. The data captured included crosshead displacement, load and a series
of photographs of each specimen’s edge. The specimens were cycled at 5Hz, except
for specimen 19 (5Hz then 9Hz), and the data was captured at 10Hz for specimens
2,3, 7-12 and 50Hz for 4, 13-20. Specimen 7 was the first of the fatigue specimens
tested and has been cycled and sampled at various speeds while the optimum test
setup was established. The results were di cult to analyse as a result of the chatter
of the machinery (resolved through adding damping) and the changes in machine
setting during the initial test (optimised during this test). The results from specimen
7 have been discarded. The results of the remaining fatigue tests are summarised in
figure 6.3.
6.2.1 Crack Length Data
Photographs were taken of each specimen edge while cycled in fatigue. The data
was captured at regular intervals (approximately every 500 cycles). The ‘PixeLINK’
camera software was set to the highest practical shutter speed and gain to for the
light source. The photo files were sequentially numbered allowing the approximate
cycle count at the time of the photo to be calculated. Although a large number of
photos were taken, very few were useful. That is, most were not at the peak crosshead
displacement and thus not giving an indication of the true crack length. Additionally,
many photos were blurred from the movement of the specimen, and sometimes, the
crack would not contrast against the background or the painted scale on the side of
the specimen. Finally, there was a fault with the microscope camera where red and
green lines were captured in the centre of the frame. Figure 6.4(a) is a representation
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Figure 6.4(b) is a representative mid-cycle photo that is distorted by blurred
motion and black writing. The camera fault is also visible in the bottom centre of
the frame – out of the area of importance. It was also determined that the speckled
white paint is not as helpful as a solid white background. This is because the motion
of the specimen distorts the black areas and blends with the crack tip. The speckling
technique was a result of attempting to apply the thinnest layer of paint possible to
the specimen edge. The reason in applying a thin enough layer of paint is so the
crack propagation is not hidden under the paint, as was experienced with the use of
liquid paper. A suggestion for future research involving crack length measurements is
increased magnification of the specimen edge, modifying the edge painting technique
and the use of a high-speed camera.
Therefore, the crack length data was not considered accurate enough for the gen-
eration of crack propagation relationships. The little data that was captured is,
however, overlaid on the compliance-cycle data to give an approximate indication of
the location of the crack during the cycling.
(a) Representative Clear Photo (b) Representative Distorted Photo
Figure 6.4. Edge Photos
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7. Analysis
7.1 Mode I Interlaminar Fracture Toughness
ASTM D5528-13 was referenced to generate values for the Fracture Toughness,
GIC , as well as to generate the Resistance Curve for the specimens tested as follows.
1. The raw load, displacement, specimen dimension and crack length data was
loaded into Matlab.
2. The values were converted to SI units.
3. The linear portion of the load-displacement plot was determined and the slope of
the plot was calculated. This value is the sti↵ness, or the inverse of compliance.
Compliance was reported.
4. The complete load-displacement data was plotted as well as the line of 5%
compliance increase. The non-linear point of the plot was determined and the
5% o↵set value was also determined from the intersection of the plot and the
raw data load-displacement trace.
5. The point of visual onset of delamination was marked on the plot.
6. The three methods specified by ASTM for determining G were employed and
G was calculated by all three methods and reported.
7. The Resistance Curve was generated for the specimen using the MBT method
for calculating G.
It was determined that the average GIC value for the specimens was 293.89J/m2.
This is given from the nonlinear point on the load-displacement curve and taking
the average of the Modified Beam Theory (MBT), Compliance Calibration (CC)
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and Modified Compliance Calibration (MCC) methods for determining GIC . The
ASTM D5528 Reporting Data Sheets and required graphs, as well as the coe cients
determined in each of the methods, are contained in appendix B for information.
The three methods for calculating G are in agreement, with the MBT producing
the most conservative values, as expected. The two specimen results are within
three standard deviations of each other and greater than values generated by similar
research [27,29]. This type of test was utilised as a quality control step to ensure that
the static properties of the batch agree with other literature. It was determined that
the average compliance for the pristine specimens in quasi static loading conditions
was 3.537E-05[mm/N].
Of interest, is the e↵ect of fibre bridging from the resistance curve. It can be seen
from the combined R-curve (figure 7.1) that G values after the critical displacement
point are higher than the initial values. From this plot, a linear regression may be
conducted to determine the relationship between G and a. This was determined to
be: G = (1.023 ⇥ 103)a + 241. If accurate crack growth data was available, this
relationship could be used in the fatigue analysis to normalise the fatigue growth
data [27].


























Figure 7.1. Combined Resistance Curve
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7.2 Mode I Fatigue Delamination Onset
ASTM D6115-97 (2011) was followed to explore the onset of delamination char-
acteristics of the proposed TTR technique. As per ASTM D6115 procedures, the
change in compliance with cycles will be plotted to determine the point at which
compliance increases by 1% and 5%; and thus delamination onset is defined in two
manners, depending on the level of conservatism required. The same criteria are
applied to this test even though the specimen is not purely a unidirectional CFRP
specimen (as assumed by the standard), and actually is an assembly of laminate and
pins. As discussed in previous sections, the specimens with pins may be considered as
unidirectional specimens with large-scale bridging. And just like fibre bridging, the
pin increases the energy level at which crack propagation may begin, and propagates
at. Investigating the e↵ect caused by the TTR is the main thrust of this research.
7.3 Fatigue Data Reduction
The fatigue data was using the following steps. Additionally, the Matlab code has
been published for specimen 19 as a representative code and output in the following
section.
1. The raw displacement and load data was loaded into Matlab and converted to
SI units.
2. The displacement versus time was plotted and an appropriate starting point for
the analysis was selected from observing the time when the displacement span
was set to the required level.
3. The displacement data was filtered by taking values three standard deviations
from the average maximum displacement value. The corresponding load values
were filtered from the load data.
4. All maximum and minimum (peak and trough) displacement values were found.
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5. The average maximum and average minimum values were calculated and used to
determine the mean displacement. These values were compared to the desired
test settings to validate the test was run at the desired level.
6. The filtered compliance was calculated – that is, peak displacement values were
divided by the corresponding loads.
7. The filtered compliance data was smoothed using a moving average smoothing
function and plotted.
8. The filtered compliance data was smoothed using a local regression smoothing
function and plotted.
9. The initial, 1% increase and 5% increase values of compliance were determined
from the best fit smoothed data (local regression smoothing function).
10. The corresponding cycle values were found for the compliance values.
11. The GIMax value was determined for the test, using the MCC method, from
the peak load and displacement values and plotted on the G-N curve. MCC
method was utilised as it does not require knowledge of the crack length and it
showed close correlation to the MBT method in quasi-static tests.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%by Christopher Kourloufas
%Masters Thesis code that takes raw displacement and load data from the MTS
%810 system and generates the required output for analysis using ASTM D6115
%Standard Test Method for Mode I Fatigue Delamination Growth Onset of Uni-
%directional Fibre-Reinforced Polymer Matrix Composites. The code will
%determine the cycles at 1% and 5% increase in compliance by smoothing the
%raw compliance data with a local regression function.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%Specimen 19 code
%*** C calculation is commented out because of the time it takes***





% Just need to run the following load once to generate the .m file in the
...folder.
% file_1 = dlmread('fatigue_specimen_19_50Hz_file1.txt', '\t');
% file_2 = dlmread('fatigue_specimen_19_50Hz_file2.txt', '\t');
% file_3 = dlmread('fatigue_specimen_19_50Hz_file3.txt', '\t');
% file_4 = dlmread('fatigue_specimen_19_50Hz_file4.txt', '\t');
% file_5 = dlmread('fatigue_specimen_19_50Hz_file5.txt', '\t');
% file_6 = dlmread('fatigue_specimen_19_50Hz_file6.txt', '\t');
% file_7 = dlmread('fatigue_specimen_19_50Hz_file7.txt', '\t');
% file_8 = dlmread('fatigue_specimen_19_50Hz_file8.txt', '\t');
% file_9 = dlmread('fatigue_specimen_19_50Hz_file9.txt', '\t');
%
% save('raw_data','file_*')
% % %Load the data file
data = load('raw_data');
addpath('/Users/Chris/Google Drive/Purdue Thesis/Results/Fatigue without start/Crack Length CSV Files')
crack= load('Specimen19CrackLength.csv');





    data.file_7(:,2);data.file_8(:,2);data.file_9(:,2)].*4.44822162;
delta_2=[data.file_4(:,1);data.file_5(:,1);data.file_6(:,1);...
    data.file_7(:,1);data.file_8(:,1);data.file_9(:,1)].*10^-3;
P=vertcat(P,P_2);
delta=vertcat(delta,delta_2);



















title('Crosshead Displacement vs. Time - Specimen 19')
xlabel('Time [s]')















%Data reduction involves taking only the max displacement and corresponding
%load values to determine the compliance. Then a smoothing analysis will
%be conducted on that 'trimmed' data
%finding the maxima, minima and mean displacement values
[max_pks,max_locs] = findpeaks(delta,'MinPeakDistance',250);
disp('Raw displacement data mean:')
mean=mean(delta)





disp('Average of minimum displacements')
min=sum(minima)/length(minima)
disp('Checking by using two mean values calculated [%]')
mean_check=(max+min)/2;
mean_difference_pc = 100*(mean-mean_check)/mean
%finding distance between peaks
for k=1:length(max_locs)-1




%Removing outliers that are 3 standard deviations from the mean
delta_outliers = excludedata(time,delta','range',[max-3*max_stdev,...
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%Removing outliers that are 3 standard deviations from the mean
delta_outliers = excludedata(time,delta','range',[max-3*max_stdev,...
    max+3*max_stdev]);








%Find the load crossing 0
P_cross = find(P < 0);
P_cross = sum(N(P_cross(1:5)))/5




title('Crosshead Displacement vs. Time - Specimen 19')
xlabel('Time [s]')










title('Compliance vs. Cycles - Specimen 19')
xlabel('Cycles, N')
%data smoothing with moving average
C_peaks_smooth1 = smooth(C_peaks);




%Plotting crack data on same graph
[ax,p1,p2]=plotyy(N_filter,C_peaks_smooth2,crack(:,1),crack(:,2),...









legend('Raw Data','Moving Average','Smoothed data - Local Regression',...
    'P<0 Point','Crack Length', 'location', 'best')
hold off
53
Raw displacement data mean:
mean =
   842.1683e-006
Average of maximum displacements:
max =
     1.5266e-003
Average of minimum displacements
min =
   156.2479e-006
Checking by using two mean values calculated [%]
mean_difference_pc =
    91.1448e-003
periodicity =
   340.0000e+000
Max Load [N]
P_max =
    64.8269e+000
delta_start_max =
     1.3981e-003
P_cross =
    36.5911e+003
54
55
%determining the 1% and 5% compliance increase values
%using the (non-parametric) Local regression smoothed data as it seems
...to be the closest fit





%Taking the average of the first two points to account for any sensitive
%data
disp('Cycles at 1% increase of compliance')
(N_filter(N_1pc(1))+N_filter(N_1pc(2)))/2
N_5pc=find(C_peaks_smooth2 >= C_5pc);




disp('Crossing the zero load level at cycles =')
P_cross
%Saving the desired data for further analysis
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P_cross
%Saving the desired data for further analysis
delete('specimen_19_N_C.mat')
save specimen_19_N_C N_filter C_peaks_smooth2 ...
    C_initial P_max delta_start_max N_1pc N_5pc
C_initial =
    21.6716e-006
C_1pc =
    21.8883e-006
C_5pc =
    22.7552e-006
Cycles at 1% increase of compliance
ans =
   179.5000e+000
Cycles at 5% increase of compliance
ans =
    29.2943e+003
Final cycle count
ans =
   702.4428e+003
Crossing the zero load level at cycles =
P_cross =
    36.5911e+003
Published with MATLAB® 7.12
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7.3.1 Compliance vs. Cycles
Compliance and crack length vs cycle plots are presented in the following section
for all three configurations tested in this research. For many of the specimens, there
is a correlation between increasing compliance and increasing crack length. This is in
line with simple beam theory that would see a decrease in load with increasing loading
arm at a fixed deflection. Typically, once delamination has begun in a unidirectional
specimen, there is a region of stable growth. This is evident in the pristine and pinned
in body specimens (figures 7.3-7.8). The pristine specimen (figure 7.3) shows a rapid
change in compliance corresponding to an equally rapid change in crack length. Both
compliance and crack growth then continue to increase at a lower slope until the test
was stopped. The literature suggests that the pristine specimen will exhibit Paris
Law behaviour in the stable crack growth region [27]. There is a point of di↵erence
for the pinned in body specimens. These specimens (figures 7.4-7.8) initially act
like a pristine specimen, una↵ected by the presence of the pin ahead of the crack
tip. However, as the crack tip approaches the pins, crack propagation arrests and
compliance and crack length remain constant. This behaviour is then exhibited until
the test is stopped – which ranged from approximately 82,000 to 194,000 cycles. This
highlights that crack growth can be slowed in fatigue testing with the introduction of
TTR – analogous to the static test response.
Specimens pinned in the crack (2-4, 14-19) exhibited di↵erent responses to cyclic
loading. Specimens 3, 14, 15, 16 and 18 display little change of compliance from the
initial value for most of the test. Specimens 14, 15, 16 and 18 then experience a
change that causes a rapid increase of compliance and crack length. This is believed
to correspond to the fatigue limit of the TTR, that fail and provide little resistance
to crack propagation. It is important to note that there is still approximately 5 mm
of nylon insert ahead of the pin in the direction of crack propagation and that crack
lengths do exceed 5 mm for most pinned in crack specimens – suggesting that the
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e↵ect of the pins in halting or resisting crack propagation after this critical failure
event is reduced.
When plotting load vs. time for the experiments, 71% of the pinned specimens
exhibited loads below zero (compressive) in their load-time plots. The corresponding
cycles where the minimum load values become negative is shown on the compliance-
cycle plots as a vertical line. Specimens with pins in the body exhibited compressive
loads before 57% of the pinned in crack specimens that exhibited compressive loads
(see figure 7.2).
Figure 7.2. Representative Load vs. Time Plot for Specimens with
Compressive Loads
This is thought to be the point corresponding to pin pullout – where a compressive
force is required to close the specimen because the machine is working against the
pin friction. There are too many changes in test parameters and too much scatter in
the results to make conclusions regarding the cause and mechanisms behind this and
further investigation is recommended.
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Another phenomenon of interest, is the drop in compliance in specimen 8 – related
to the test being paused overnight and restarted the next morning. The specimen was
kept at the mean displacement value while testing was paused. This drop was also
witnessed in pinned specimens (12, 13 and 2) when testing was paused for extended
periods. Specimen 2 was left overnight at P=0 and specimens 12 and 13 were held
at mean displacement. Specimen 12 was paused and restarted after a short period
to investigate whether the drop in compliance is time dependant. When the test
was restarted, it immediately returned to the previous value. The test was paused
overnight and as can be seen, compliance had dropped from the previous day’s final
value. This too, requires further investigation.
































Smoothed data − Local Regression
Crack Length
Figure 7.3. Specimen 8 - Pristine Tested at 79% GIC
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Smoothed data − Local Regression
P<0 Point
Crack Length
Figure 7.4. Specimen 9 - Pinned in Body Tested at 75% GIC


































Smoothed data − Local Regression
P<0 Point
Crack Length
Figure 7.5. Specimen 10 - Pinned in Body Tested at 70% GIC
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Smoothed data − Local Regression
Crack Length
Figure 7.6. Specimen 11 - Pinned in Body Tested at 73% GIC






































Smoothed data − Local Regression
P<0 Point
Crack Length
Figure 7.7. Specimen 12 - Pinned in Body Tested at 67% GIC
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Smoothed data − Local Regression
Crack Length
Figure 7.8. Specimen 13 - Pinned in Body Tested at 38% GIC






























Smoothed data − Local Regression
P<0 Point
Crack Length
Figure 7.9. Specimen 2 - Pinned in Crack Tested at 84% GIC
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Smoothed data − Local Regression
Crack Length
Figure 7.10. Specimen 3 - Pinned in Crack Tested at 131% GIC




































Smoothed data − Local Regression
P<0 Point
Crack Length
Figure 7.11. Specimen 4 - Pinned in Crack Tested at 71% GIC
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Smoothed data − Local Regression
P<0 Point
Crack Length
Figure 7.12. Specimen 14 - Pinned in Crack Tested at 150% GIC
































Smoothed data − Local Regression
P<0 Point
Crack Length
Figure 7.13. Specimen 15 - Pinned in Crack Tested at 137% GIC
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Smoothed data − Local Regression
P<0 Point
Crack Length
Figure 7.14. Specimen 16 - Pinned in Crack Tested at 92% GIC


































Smoothed data − Local Regression
P<0 Point
Crack Length
Figure 7.15. Specimen 17 - Pinned in Crack Tested at 56% GIC
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Smoothed data − Local Regression
Crack Length
Figure 7.16. Specimen 18 - Pinned in Crack Tested at 118% GIC


































Smoothed data − Local Regression
P<0 Point
Crack Length
Figure 7.17. Specimen 19 - Pinned in Crack Tested at 46% GIC
68
7.3.2 Compliance vs. Cycles Comparison
The plots of compliance vs. cycles have been compared with each other and
presented in figure 7.18 and appendix C. When plotting all of the intended levels
of %GIC together, there seems to be a large scatter in initial compliance. A trend
that is clear from figures C.1 and C.2 are that pinned specimens have less steep
initial compliance changes than the pristine and pinned in the body. To investigate
if there are any further trends, it was decided to compare specimens tested at the
same intended %GIC . This did little to explain the scatter in the results, however, it
was possible to observe the general di↵erences in compliance trends between pinning





















































































































































































































As a quality check, the initial compliance of each fatigue test was compared to
the average static relationship between load and crosshead displacement. It can be
seen in figure 7.19 that all fatigue data is above the static relationship – indicating
larger loads for the fatigue specimens (as they were displacement-controlled fatigue
tests). This is expected for the pinned in body specimens as the pin acts to inhibit the
opening of the DCB specimen, thus generating larger opening loads. Reasons as to
why the pinned in body specimens generally exhibited increased load values could not
be determined through the literature surveyed or the experimental observations. One
avenue of investigation may be the e↵ect of rate of change of opening displacement
between static and fatigue testing.






















Figure 7.19. Initial Compliance Quality Check
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7.3.4 Mode I Onset of Delamination Level vs. Cycles
The primary purpose of this series of experiments has been to produce a log-
normal distribution of G-N that would characterise for the chosen frequency, the
number of cycles to failure at a given level of G. The G data was determined using
the MCC method and normalised against the average GIC calculated through the
MCC method from the quasi-static experiments. The two failure criteria defined in
ASTM D6115 are at the 1% increase in compliance (figure 7.20) and the 5% increase
of compliance (figure 7.21).
At the 1% failure criteria, it can be seen that specimens with pins in the crack,
generally have a delayed onset of crack propagation than the pristine and those pinned
in the body. This result is made even more prominent at the 5% failure criteria with
all pinned in the crack specimens having greater cycles to failure than the pristine
and those pinned in the body. A G-N relationship at the 5% failure criteria for
8552/IM7 was determined through similar research by G.B. Murri [27]. Both source
relationships were chosen and plotted with these results in order to compare the
pristine data and to check the assumption that the pinned in body specimens would
initially behave like pristine specimens. This assumption was valid for the pristine
sample and correlated closely for the data at low cycles for pinned in the crack. When
compared with the data produced by Murri, there appears to be similar amounts of
scatter in the results. Therefore, the pristine data produced by Murri is thought to







































































































































































































































A subset of each specimen configuration was selected for destructive inspection
and evaluation – two pristine specimens, 5,6; one pinned in the body specimen, 9,
and four pinned in the crack specimens, 2,3,4,19.
Initial observations under magnification highlighted the damage due to the drilling
process. Longitudinal fibres are seen to be severed and pushed out of their plane of
orientation on the underside of the laminate (figure 7.22). These microscope photos
are of the underside of the laminate where the drill would exit during drilling. It
appears that the bottom lamina have localised bending failure – instead of a clean
drill-through. This highlights the importance of maintaining a slow and steady drilling
motion through the specimen, while not adding excessive force toward the end of the
drilling.
Figure 7.22(b) also captures a resin void between the pin and the laminate. This
is caused by insu cient resin available during pin installation. It is thought that this
is caused by the resin flowing out of the hole and into the crack during cure. The
indication of this process is the presence of resin on the nylon insert for pinned in
crack specimens (see figure 7.25(b)). Therefore, it is recommended that the cracked
area is clamped during pin installation to promote resin flow down the hole to com-
pletely surround the pin. This void is one of the larger of those discovered during
destructive inspection. This highlights that the pin installation method could be im-
proved to increase the quality of the bond between the pin and laminate. This may be
accountable for some of the scatter in the data and requires further investigation to
understand the fatigue response of the pins. This discovery may help to explain the
scatter in initial compliance for specimens loaded in identical values of target GIMax.
That is, the elastic properties of the pin will be altered, by the quality of the interface
between pin and resin, as seen in the literature regarding pin pull-out. It is believed
that pinned in crack specimens should have improved and more predictable results
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once this issue is resolved. Therefore, the installation method requires improvement
in order to ensure the resin used to install the pins remain within the holes.
(a) Pinned in Crack, Specimen 19
(b) Pinned in Crack, Specimen 18
Figure 7.22. Pinned Laminate Underside (Vertical Line is Permanent Marker)
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The specimens were gradually opened under a microscope and photographed while
being split apart. Pristine specimens exhibited fibre bridging as seen in figure 7.23,
as expected from the survey of literature.
Figure 7.23. Fibre Bridging in a Pristine Specimen
A pinned in body specimen is presented in figure 7.24, that has a drill bit broken
in the laminate. Of note, is the carbon dust compacted onto the surface of the drill
bit – indicating the importance of cleaning the hole before bonding the pin. These
contaminants will a↵ect the quality of the bond between the pin and the laminate.
An improved cleaning method is recommended for investigation. Additionally, a
method of removing broken drill bits is recommended for investigation. Specimens
with broken drill bits embedded in them presented higher compliance traces than
specimens tested under like conditions. This may be caused by the reduced sti↵ness
from fewer e↵ective pins – suggesting that these broken drill bits have an e↵ect on
the performance of the TTR method.
77
(a) Pinned in Body, Specimen 9
(b) Pinned in Body, Specimen 9
Figure 7.24. Pinned In Body Opening (Broken Drill Bit Seen Second
from the Left in figure (b))
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A pinned in the crack specimen is presented in 7.25.
(a) Pinned in Crack, Specimen 2
(b) Pinned in Crack, Specimen 2
Figure 7.25. Pinned In Crack Opening
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All specimens destructively inspected had straight crack initiator zones, without
any flaws in the nylon insert due to damage or misalignment (figure 7.26). This is a
quality control step required by ASTM D6115 to ensure test validity.
(a) Pinned in Crack, Specimen 3
(b) Pristine, Specimen 6
Figure 7.26. Nylon Insert Condition
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Specimen 19 pin holes were inspected under 5.8x magnification and micro cracks
were observed in the adhesive bonding the pin to the laminate (figure 7.27). This is
in line with the literature surveyed – fatigue loads cause shear stresses that gradually
microcrack the adhesive. These microcracks deteriorate the ability of the load to be
transferred between components. Finally, note the void in the adhesive – representa-
tive of the type and size of flaws seen in the specimens destructively inspected.
Figure 7.27. Pin Adhesive Cracking, Specimen 19
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8. Conclusion
A novel TTR technique, proposed by Kravchenko et al., has been tested under mode
I fatigue loading conditions in order to investigate characterisation of the onset of
delamination growth in unidirectional 8552/IM7 prepreg. The results of experiments
conducted following ASTM D6115-13 indicate that the mode I fatigue delamination
onset behaviour can be altered by the inclusion of TTR both ahead and behind the
crack tip. Tests have been conducted at a wide range of maximum strain energy
release rate, GIMax – corresponding to percentages of the critical fracture toughness,
GIC value determined for the material by the author. The results displayed a high
degree of scatter in initial compliance value, that is thought to be a result of poor
quality bonds between the reinforcement and the substrate. In spite of the variability
of results, the trend seen throughout these experiments is mode I delamination onset
is delayed with the inclusion of this novel TTR technique. This is highlighted in the
G-N log-normal plot where the pinned specimens exhibit increased cycles to failure
than similar research conducted on pristine specimens.
In summary,
• Pinning in the crack produces a lower initial compliance than pristine or pinned
in the body specimens.
• A high degree of scatter can be seen in the initial compliance values of each test
– thought to be caused by pin installation quality.
• Pristine specimens and pinned in body specimen correlate with similar research
on pristine specimens.
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• It was observed that the increase in compliance during fatigue testing is partially
lost after being held for long periods under mean displacement in both pristine
and pinned specimens.
• Cyclic load falls below zero for most pinned specimens – due to frictional forces
from pin pull-out.
• Mode I fatigue cracking onset results are improved with novel TTR – which is
in line with similar research conducted on Z-pinningTM.
• Improvements can still be found in the quality of the TTR installation methods.
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9. Recommendations
Many lessons have been learned through this research regarding the methods of man-
ufacture, testing and analysis. These are outlined in the following points.
Specimen manufacture:
• An adhesive selection based on fatigue response is worth investigation.
• Clamping of pinned in crack specimens is required during pin installation to
prevent resin loss into the crack.
• Improved drilling techniques should be investigated to prevent damage to the
laminate surrounding the pin hole.
• An improved hole surface preparation method is recommend before bonding of
pins to improve bond quality.
• A method to remove broken drill bits from the laminate is worth further inves-
tigation.
Test set-up:
• It is recommended that a load cell in the 200lb range be procured for the MTS
system if further work is to be conducted in characterising this TTR technique.
This will ensure that there is not any gap in resolution for the full load range
of the machine.
• An improved crack length measurement system should be developed before
characterisation of crack growth rate of the material and the TTR technique.
This needs to take into account capturing the crack length at maximum opening
displacement and producing clear photos of a moving object.
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• The data acquisition computer requires upgrading and connection to the Purdue
network for ease of file transfer and analysis.
• A customised lab view program should be developed that calculates change of
compliance in order to facilitate real-time monitoring of compliance. This will
significantly improve the experimentation phases of research so that no time
is wasted testing specimens that have already failed. Labview should allow
for continuous monitoring of specimens for 24 hours – creating less machine
supervision overhead.
Future testing:
• Characterisation of pin pull-out failure is highly recommended.
• Further characterisation of the G-N curve is recommended for specimens with
the pin installation recommendations incorporated. Ten specimens per target
%GIC is recommended.
• Investigation of fatigue load sequence e↵ects is recommended – in order to
explain why compliance increases during fatigue cycling are lost when specimens
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specification limit and the uncertainty of the measured value(s) shall be stated and provided to the customer for evaluation.
CALIBRATION INFORMATION
As Found: In Tolerance Calibration Date: 15-Sep-14
As Left: In Tolerance Calibration Due: 15-Sep-15
Class: B, B, A
Calibration Procedure: FS-CA 2124 Rev. D ASTM E2309/E2309M-05(2011)
Full Scale Ranges:  5 inch,  2.5 inch,  .5 inch
Note:
STANDARDS USED FOR CALIBRATION
MTS Asset Number Manufacturer Model Number Description Cal. Date Cal. Due
17396 Fluke 189 Digital Multimeter 15-May-14 15-May-15
19962 Fluke 80t150u Temp Probe 16-May-14 15-May-15
13796 Boeckeler (25 pin) DLG-300/1-MRD Digital Linear Gage 7-Aug-14 7-Aug-15
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Page:  2 of 4 CALIBRATION CERT #1145.01
Customer Name: Purdue Univ. Report Number: 1042-7127
System: 306.95 Site: 507208
System ID: 5Kip 458 Location: Composites Lab Country Code: US
Equipment
Device Type: Length Model: LVDT Serial No.: 0126504
Controller/Conditioner Model: 458.13 Serial No.: 0196098A
Readout Device Model: 458.13 Serial No.: 0196098A Channel: Disp.
Procedure
MTS Procedure: FS-CA 2124 Rev. D   ACS Version: 8.52
Calibration has been performed in accordance with: ASTM E2309/E2309M-05(2011)
Method of Verification:
Calibration Equipment Asset No.
Dead Weight Set: HighLevel Board: LowLevel Board: Standard Asset No.: 13796
DW Compensation: DMM: 17396 Digital Indicator: Lower Limit:
Temperature Readout: 19962 Additional Equipment: Standardizer:
Conditions
Ambient Temperature: 69.50 °F Polarity(+): Retraction Bidirectional: Cable Length: 25 Feet
In Tolerance X As Found: X ASTM E2309 Classification:  B
Out of Tolerance As Adjusted: As Found System Condition: Good
Conditioner Parameters  
Excitation: Delta K: Zero Offset: 0.0000000 Multiplier: Phase:
Cal Factor: Positive: Negative: Range Gain: PreAmp Gain: Post Amp/FineGain: Polarity:
Calibration Data Range: 1
Extension Resolution: 0.00005 Full Scale: 5
Report Units: inch 0.0000  
Applied Series 1 Series 1 Errors Series 2 Series 2 Errors Repeatability
Percent of Indicated Indicated Units Percent Units Percent Indicated Indicated Units Percent Units Percent Percent
Full Scale Reading Reading Error Error Error Error Reading Reading Error Error Error Error Error
Length Ascending Descending Asc Asc Desc Desc Ascending Descending Asc Asc Desc Desc Asc Desc
0 0.00000 -0.00005 0.00000 0.00 0.00005 0.00 0.00000 -0.00010 0.00000 0.00 0.00010 0.00 0.00 0.00
-10 -0.50286 0.00286 0.57 -0.50296 0.00296 0.59 0.02
-20 -1.00540 0.00540 0.54 -1.00540 0.00540 0.54 0.00
-30 -1.50530 0.00530 0.35 -1.50530 0.00530 0.35 0.00
-40 -2.00380 0.00380 0.19 -2.00390 0.00390 0.20 0.01
-60 -2.99450 0.00550 -0.18 -2.99480 0.00520 -0.17 0.01
Retraction Range: 1
Report Units: inch      
Applied Series 1 Series 1 Errors Series 2 Series 2 Errors Repeatability
Percent of Indicated Indicated Units Percent Units Percent Indicated Indicated Units Percent Units Percent Percent
Full Scale Reading Reading Error Error Error Error Reading Reading Error Error Error Error Error
Length Ascending Descending Asc Asc Desc Desc Ascending Descending Asc Asc Desc Desc Asc Desc
0 0.00000 0.00015 0.00000 0.00 0.00015 0.00 0.00000 0.00035 0.00000 0.00 0.00035 0.01 0.00 0.00
10 0.50327 0.00327 0.65 0.50342 0.00342 0.68 0.03
20 1.00520 0.00520 0.52 1.00540 0.00540 0.54 0.02
30 1.50370 0.00370 0.25 1.50390 0.00390 0.26 0.01
40 2.00080 0.00080 0.04 2.00120 0.00120 0.06 0.02
60 2.99460 0.00540 -0.18 2.99460 0.00540 -0.18 0.00
Errors at Zero are computed in % of Range.
Uncertainty of the calibration data supplied is equal to or less than the greater of, ±0.25% of reading or ±50µ inches, for a confidence level of 95%.  Out of Tolerance in % column
This report shall not be reproduced except in full, without the written approval of the laboratory.
Calibrations are performed with standards whose values and measurements are traceable to the National Institute of Standards and Technology.
American Association of Laboratory Accreditation Certificate Number: 1145.01
Notes:
Performed By: Rich Anderson Field Service Engineer Date: 15-Sep-14
Signature: Next Customer Agreed Upon Calibration Date: 15-Sep-15 ACSRepRevAK
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Page:  3 of 4 CALIBRATION CERT #1145.01
Customer Name: Purdue Univ. Report Number: 1042-7127
System: 306.95 Site: 507208
System ID: 5Kip 458 Location: Composites Lab Country Code: US
Equipment
Device Type: Length Model: LVDT Serial No.: 0126504
Controller/Conditioner Model: 458.13 Serial No.: 0196098A
Readout Device Model: 458.13 Serial No.: 0196098A Channel: Disp.
Procedure
MTS Procedure: FS-CA 2124 Rev. D   ACS Version: 8.52
Calibration has been performed in accordance with: ASTM E2309/E2309M-05(2011)
Method of Verification:
Calibration Equipment Asset No.
Dead Weight Set: HighLevel Board: LowLevel Board: Standard Asset No.: 13796
DW Compensation: DMM: 17396 Digital Indicator: Lower Limit:
Temperature Readout: 19962 Additional Equipment: Standardizer:
Conditions
Ambient Temperature: 70.10 °F Polarity(+): Retraction Bidirectional: Cable Length: 25 Feet
In Tolerance X As Found: X ASTM E2309 Classification:  B
Out of Tolerance As Adjusted: As Found System Condition: Good
Conditioner Parameters  
Excitation: Delta K: Zero Offset: 0.0000000 Multiplier: Phase:
Cal Factor: Positive: Negative: Range Gain: PreAmp Gain: Post Amp/FineGain: Polarity:
Calibration Data Range: 2
Extension Resolution: 0.00005 Full Scale: 2.5
Report Units: inch 0.0000  
Applied Series 1 Series 1 Errors Series 2 Series 2 Errors Repeatability
Percent of Indicated Indicated Units Percent Units Percent Indicated Indicated Units Percent Units Percent Percent
Full Scale Reading Reading Error Error Error Error Reading Reading Error Error Error Error Error
Length Ascending Descending Asc Asc Desc Desc Ascending Descending Asc Asc Desc Desc Asc Desc
0 0.00000 -0.00010 0.00000 0.00 0.00010 0.00 0.00000 -0.00013 0.00000 0.00 0.00013 -0.01 0.00 0.00
-10 -0.25092 0.00092 0.37 -0.25096 0.00096 0.38 0.02
-20 -0.50025 0.00025 0.05 -0.50035 0.00035 0.07 0.02
-40 -1.00020 0.00020 0.02 -1.00030 0.00030 0.03 0.01
-60 -1.49750 0.00250 -0.17 -1.49790 0.00210 -0.14 0.03
-80 -1.99370 0.00630 -0.31 -1.99380 0.00620 -0.31 0.01
-100 -2.48800 0.01200 -0.48 -2.48830 0.01170 -0.47 0.01
Retraction Range: 2
Report Units: inch      
Applied Series 1 Series 1 Errors Series 2 Series 2 Errors Repeatability
Percent of Indicated Indicated Units Percent Units Percent Indicated Indicated Units Percent Units Percent Percent
Full Scale Reading Reading Error Error Error Error Reading Reading Error Error Error Error Error
Length Ascending Descending Asc Asc Desc Desc Ascending Descending Asc Asc Desc Desc Asc Desc
0 0.00000 0.00035 0.00000 0.00 0.00035 0.01 0.00000 0.00020 0.00000 0.00 0.00020 0.01 0.00 0.01
10 0.25208 0.00208 0.83 0.25190 0.00190 0.76 0.07
20 0.50177 0.00177 0.35 0.50185 0.00185 0.37 0.02
40 1.00250 0.00250 0.25 1.00250 0.00250 0.25 0.00
60 1.49970 0.00030 -0.02 1.49980 0.00020 -0.01 0.01
80 1.99570 0.00430 -0.21 1.99580 0.00420 -0.21 0.01
100 2.49280 0.00720 -0.29 2.49290 0.00710 -0.28 0.00
Errors at Zero are computed in % of Range.
Uncertainty of the calibration data supplied is equal to or less than the greater of, ±0.25% of reading or ±50µ inches, for a confidence level of 95%.  Out of Tolerance in % column
This report shall not be reproduced except in full, without the written approval of the laboratory.
Calibrations are performed with standards whose values and measurements are traceable to the National Institute of Standards and Technology.
American Association of Laboratory Accreditation Certificate Number: 1145.01
Notes:
   
Performed By: Rich Anderson Field Service Engineer Date: 15-Sep-14
Signature: Next Customer Agreed Upon Calibration Date: 15-Sep-15 ACSRepRevAK
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Page:  4 of 4 CALIBRATION CERT #1145.01
Customer Name: Purdue Univ. Report Number: 1042-7127
System: 306.95 Site: 507208
System ID: 5Kip 458 Location: Composites Lab Country Code: US
Equipment
Device Type: Length Model: LVDT Serial No.: 0126504
Controller/Conditioner Model: 458.13 Serial No.: 0196098A
Readout Device Model: 458.13 Serial No.: 0196098A Channel: Disp.
Procedure
MTS Procedure: FS-CA 2124 Rev. D  ACS Version: 8.52
Calibration has been performed in accordance with: ASTM E2309/E2309M-05(2011) 
Method of Verification:
Calibration Equipment Asset No.
Dead Weight Set: HighLevel Board: LowLevel Board: Standard Asset No.: 13796
DW Compensation: DMM: 17396 Digital Indicator: Lower Limit:
Temperature Readout: 19962 Additional Equipment: Standardizer:
Conditions
Ambient Temperature: 70.70 °F Polarity(+): Retraction Bidirectional: Cable Length: 25 Feet
In Tolerance X As Found: X ASTM E2309 Classification:  A
Out of Tolerance As Adjusted: As Found System Condition: Good
Conditioner Parameters  
Excitation: Delta K: Zero Offset: 0.0000000 Multiplier: Phase:
Cal Factor: Positive: Negative: Range Gain: PreAmp Gain: Post Amp/FineGain: Polarity:
Calibration Data Range: 3
Extension Resolution: 0.000005 Full Scale: 0.5
Report Units: inch 0.0000
Applied Series 1 Series 1 Errors Series 2 Series 2 Errors Repeatability
Percent of Indicated Indicated Units Percent Units Percent Indicated Indicated Units Percent Units Percent Percent
Full Scale Reading Reading Error Error Error Error Reading Reading Error Error Error Error Error
Length Ascending Descending Asc Asc Desc Desc Ascending Descending Asc Asc Desc Desc Asc Desc
0 0.00000 -0.00012 0.00000 0.00 0.00012 -0.02 0.00000 0.00002 0.00000 0.00 0.00002 0.00 0.00 0.03
-20 -0.09994 0.00006 -0.06 -0.09991 0.00009 -0.09 0.03
-40 -0.19991 0.00009 -0.05 -0.19999 0.00001 0.00 0.04
-60 -0.29982 0.00018 -0.06 -0.29970 0.00030 -0.10 0.04
-80 -0.39922 0.00078 -0.20 -0.39915 0.00085 -0.21 0.02
-100 -0.49887 0.00113 -0.23 -0.49875 0.00125 -0.25 0.02
Retraction Range: 3
Report Units: inch      
Applied Series 1 Series 1 Errors Series 2 Series 2 Errors Repeatability
Percent of Indicated Indicated Units Percent Units Percent Indicated Indicated Units Percent Units Percent Percent
Full Scale Reading Reading Error Error Error Error Reading Reading Error Error Error Error Error
Length Ascending Descending Asc Asc Desc Desc Ascending Descending Asc Asc Desc Desc Asc Desc
0 0.00000 0.00007 0.00000 0.00 0.00007 0.01 0.00000 0.00006 0.00000 0.00 0.00006 0.01 0.00 0.00
20 0.10056 0.00056 0.56 0.10049 0.00049 0.49 0.07
40 0.20087 0.00087 0.44 0.20088 0.00088 0.44 0.00
60 0.30089 0.00089 0.30 0.30081 0.00081 0.27 0.03
80 0.40029 0.00029 0.07 0.40030 0.00030 0.07 0.00
100 0.49994 0.00006 -0.01 0.49991 0.00009 -0.02 0.01
Errors at Zero are computed in % of Range.
Uncertainty of the calibration data supplied is equal to or less than the greater of, ±0.25% of reading or ±50µ inches, for a confidence level of 95%.  Out of Tolerance in % column
This report shall not be reproduced except in full, without the written approval of the laboratory.
Calibrations are performed with standards whose values and measurements are traceable to the National Institute of Standards and Technology.
American Association of Laboratory Accreditation Certificate Number: 1145.01
Notes:
   
Performed By: Rich Anderson Field Service Engineer Date: 15-Sep-14
Signature: Next Customer Agreed Upon Calibration Date: 15-Sep-15 ACSRepRevAK
  
     
MTS Systems Corporation      
14000 Technology Drive                              





Specimen 5 was a pristine specimen tested to determine GIC through the use of
ASTM D5528-13. The method for determining crack length was to hold the test
at the desired crosshead displacement and record the crack propagation distance,
displacement and load. The test was then resumed until the next desired crack
propagation length. By doing this, the crack was still propagating, seen as a decrease
in load at the given displacement. Flexural modulus results are relatively non-variant
with crack length, as expected. The plot shows a high degree of scatter – as expected
from flexural modulus results. The published Matlab code is also included as a




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(a) Specimen 5 Load-Displacement Data

















































































































































































































































































































































































%Masters Thesis code that takes raw displacement and load data from the MTS
%810 system and generates the required output for analysis using ASTM
%D5528 - ASTM D6115-97 (2011), Standard Test Method for Mode I Fatigue
%Delamination Growth Onset of Unidirectional Fiber-Reinforced Polymer
%Matrix Composites. The code determines the critical displacement value and














%measured values from top and bottom hinges on both sides
a_0=[50.95,51.28,50.31,50.84]*10^-3;
%adding the calibration value to align values
a_0=mean(a_0)+(1e-3);
data = csvread('quasi_pristine_1.csv');
%crack length measured from the loading point
for k = 1:length(data)
    %The crack tip was at +1mm therefore readings need to be adjusted

















%********Figure 1 is cleared and replaced after calculation***************
figure(1)
plot(quasi_pristine_1_precrack(:,1)*10^-3,...
    4.44822162*quasi_pristine_1_precrack(:,2),'c')
hold on
100
    4.44822162*quasi_pristine_1_precrack(:,2),'c')
hold on
plot(quasi_pristine_1_run1(:,1)*10^-3,...
    4.44822162*quasi_pristine_1_run1(:,2),'r')
plot(quasi_pristine_1_run2(:,1)*10^-3,...
    4.44822162*quasi_pristine_1_run2(:,2),'g')
%Plotting the NL, VIS and ai points from the observed data







title('Load-Displacement - Specimen 5 (Pristine)')
axis tight
%find the 5% offset value
plot(quasi_pristine_1_precrack(1:90,1)*10^-3,...
    p5(1)*quasi_pristine_1_precrack(1:90,1)*10^-3 + p5(2),'k')
plot(quasi_pristine_1_precrack(1:90,1)*10^-3,...
    (p5(1)/1.05)*quasi_pristine_1_precrack(1:90,1)*10^-3 + p5(2),'b')
legend('Precrack', 'Reload 1', 'Reload 2','NL','5% Offset','VIS','ai',...
    'Linear portion', '5% offset slope','location','best')
hold off





    34.8176e-006
The 5% offset values are:
crosshead_disp =
     2.6960e-003
Load =













%least squares linear regression
h = lsline;




legend('Quasi Static Specimen 1', 'least squares regression',...
    'location', 'best')
102



















%least squares linear regression
r = lsline;




legend('Quasi Static Specimen 1', 'least squares regression',...







%least squares linear regression
q = lsline;




legend('Quasi Static Specimen 1', 'least squares regression',...













%Visual indication is at +3mm
plot((a_0+0.003),G(1,3),'+')
hold off
legend('Propogation' , 'NL' ,'5% offset', 'VIS','location','best')




save quasi1_G-a G crack




Specimen 5 was a pristine specimen tested to determine GIC through the use of
ASTM D5528-13. The method used for determining crack growth was to capture pho-
tographs at a given interval and correlating the photo number with the displacement
and load values from the data acquisition system. This was an improved method
compared to holding the displacement and recording load load values. During the
experiment, the travelling stereoscope had to be moved in order to follow the crack
tip prorogation through the specimen. However, the stereoscope was shifted too far
and the crack tip was lost for a number of frames. A best e↵ort was made to cap-
ture the most crack lengths from the given series of photographs. Flexural modulus
results are relatively non-variant with crack length, as expected. The plot shows a
high degree of scatter – as expected from flexural modulus results.
Typically, the initial G vs. a values are lower than the propagation values. This
was seen in specimen 5, however, this is not the case in specimen 6. This is thought to
be caused by the errors in moving the stereomicroscope as well as the high flexibility
of the liquid paper applied to the edge. That is, the crack was growing underneath





































































































































































































































































































































































































































































































































































































































































































































































































































































(a) Specimen 6 Load-Displacement Data










































































































































































































































































































































































































C. Compliance vs. Cycles Results
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